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Structure of the adenylation domain of an NAD+-dependent
DNA ligase
Martin R Singleton, Kjell Håkansson, David J Timson and Dale B Wigley*
Background: DNA ligases catalyse phosphodiester bond formation between
adjacent bases in nicked DNA, thereby sealing the nick. A key step in the
catalytic mechanism is the formation of an adenylated DNA intermediate. The
adenyl group is derived from either ATP (in eucaryotes and archaea) or NAD+
(in bacteria). This difference in cofactor specificity suggests that DNA ligase
may be a useful antibiotic target.
Results: The crystal structure of the adenylation domain of the NAD+-
dependent DNA ligase from Bacillus stearothermophilus has been determined
at 2.8 Å resolution. Despite a complete lack of detectable sequence similarity,
the fold of the central core of this domain shares homology with the equivalent
region of ATP-dependent DNA ligases, providing strong evidence for the
location of the NAD+-binding site.
Conclusions: Comparison of the structure of the NAD+-dependent DNA ligase
with that of ATP-dependent ligases and mRNA-capping enzymes demonstrates
the manifold utilisation of a conserved nucleotidyltransferase domain within this
family of enzymes. Whilst this conserved core domain retains a common mode
of nucleotide binding and activation, it is the additional domains at the
N terminus and/or the C terminus that provide the alternative specificities and
functionalities in the different members of this enzyme superfamily.
Introduction
DNA ligase catalyses phosphodiester bond formation
between immediately adjacent 5′-phosphate and 3′-hydroxyl
groups in double-stranded DNA. This reaction is required
in lagging-strand synthesis and in the final stages of some
DNA-repair pathways [1]. Energy is required to drive the
reaction in a forward direction. In most organisms this is
provided by the hydrolysis of ATP to AMP and pyrophos-
phate, a reaction that proceeds via an adenylated enzyme
intermediate [1]. This class of DNA ligases has been studied
in some detail (reviewed in [2]) and several sequence
motifs can be identified that are conserved across all
species, from bacteriophage to man [3]. The crystal struc-
ture of the ATP-dependent ligase from bacteriophage T7
has been determined [4].
NAD+-dependent DNA ligases are unique to bacteria.
Like the ATP-dependent ligases they seal nicks in DNA
in a reaction that involves an adenylated enzyme interme-
diate. However, the AMP is derived from NAD+ with
nicotinamide ribose monophosphate (nicotinamide mono-
nucleotide; NMN+) being released. The sequence motif
KXDG (single-letter amino acid code, where X is any
amino acid) is common to all ligases, with the lysine being
the site of adenylation. Other than this, however, there is
no sequence similarity between the ATP- and NAD+-
dependent enzymes. The uniqueness of NAD+-dependent
DNA ligases to bacteria makes them a potential target for
novel antibiotics. Escherichia coli bacteria carrying a tem-
perature-sensitive mutation in the gene coding for DNA
ligase are deficient in DNA repair and replication [1].
Therefore inhibitors that target bacterial DNA ligases
specifically, and act within the cell, ought to produce similar
effects. Thermophilic bacterial ligases have been used to
detect point mutations responsible for genetic diseases
using a technique called the ligase chain reaction (LCR)
[5]. This technique relies upon the fidelity of Thermus
thermophilus DNA ligase in recognising and discriminating
against mismatches at the ligation site. Structure-based
inhibitor design or the engineering of increased fidelity of
ligase for LCR applications will require a fuller under-
standing of how ligases function. The lack of sequence
similarity between the different classes of ligase makes
structural analysis of both enzyme classes essential for
this task.
One of the remaining questions is whether there is any
structural similarity between ATP- and NAD+-dependent
DNA ligases. Outside of the active site KXDG motif there
is no detectable sequence homology between the two
classes of enzyme. Furthermore, in terms of biochemistry,
there are significant differences between NAD+- and ATP-
dependent DNA ligases. Although the NAD+-dependent
ligase from Bacillus stearothermophilus also consists of at
least two domains, as defined by limited proteolysis [6],
these domains appear to be much more biochemically
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independent than those of T7 ligase [7]. The N-terminal
domain of the enzyme from B. stearothermophilus (compris-
ing residues 1–318) undergoes self-adenylation. However,
in contrast to the N-terminal domain of T7 ligase, the rate
of self-adenylation is comparable to that of the full length
protein and is not stimulated by the C-terminal domain.
This C-terminal domain has a DNA-binding function, an
activity that is completely lacking in the N-terminal domain
[6]. By contrast, in T7 ligase, the DNA-binding activity is
shared between the two domains [7]. In order to begin to
understand these differences between NAD+- and ATP-
dependent DNA ligases we have determined the structure
of the adenylation domain of B. stearothermophilus DNA
ligase at 2.8 Å resolution. The structure reveals unexpected
structural homology between the core of the adenylation
domains of ATP- and NAD+-dependent ligases, and sug-
gests an explanation for the difference in biochemical activ-
ities of the two domains.
Results and discussion
Overall fold of the protein
In order to overcome the heterogeneity of the protein
resulting from partial adenylation in vivo, we crystallised a
mutant protein in which the active-site lysine (residue
114) is replaced by an alanine. Details about X-ray data
collection and refinement of the final model are presented
in Tables 1 and 2. The fold of the central core of the
protein (residues 81–318; Figure 1) is similar to that of the
N-terminal domain of the ATP-dependent ligase from
bacteriophage T7 [4] and the GTP-dependent mRNA
capping enzyme [8], as well as a number of other proteins
that bind ATP or GTP [9]. However, this is the first protein
with this fold that binds NAD+ and it consequently repre-
sents a new family of NAD+-binding proteins. The N-ter-
minal region (residues 1–80) of the NAD+-dependent
ligases is not present in T7 ligase and has a different fold
in the PBCV-1 (Paramecium bursaria chlorella virus)
capping enzyme (Figure 2). Another region that varies
between the different enzymes includes a flexible surface
loop that is sensitive to proteolytic digestion in T7 ligase
[10]. All three proteins contain an additional C-terminal
domain. The structure of this region for T7 ligase and
Chlorella mRNA capping enzyme is shown in Figure 2.
Although the C-terminal domains share a similar topology,
their connectivities, and spatial disposition with respect to
the N-terminal domains, are different. These differences
probably relate to differences in their specificities for
polynucleotide substrates (i.e. nicked-duplex DNA or
single-stranded RNA [8]). The structure of the equivalent
region in the NAD+-dependent ligases remains unknown,
but it shares no sequence homology with either ATP-
dependent ligases or mRNA capping enzymes. In NAD+-
dependent ligases this region contains a zinc-binding site
that is not present in the other enzymes. It is therefore
likely that the structure of the C-terminal region of NAD+-
dependent ligases is different from the other enzymes.
Thus, the adenylation domain forms a central core to
which other protein domains have been added to produce
different enzymes.
The similarity between the folds of the adenylation
domains of ligases could not have been predicted from the
amino acid sequences of the two enzymes, which lack any
detectable sequence similarity outside of a four residue
motif that includes the active-site lysine residue (KXDG).
In order to analyse the similarity more carefully we have
carried out a structure-based sequence alignment (Figure 3).
This comparison reveals that the level of sequence identity
is just 25 out of the 240 residues that comprise the central
conserved core of the protein, well below what might be
expected for two proteins of similar structure. Furthermore,
a significant number of these conserved residues are those
which make important contacts with the AMP moiety of
ATP in the T7 ligase structure (Figure 4). In addition to the
three conserved residues in the active site motif (KXDG),
these include the tyrosine that makes contacts with the
adenine base, the glutamate and arginine that contact the
ribose, and a glutamate–lysine ion pair at the back of the
adenine-binding pocket. One interesting difference is in
motif V [3], which contains two lysine residues that contact
the triphosphate tail of the ATP in T7 ligase. In bacterial
ligases there is only one lysine, which may reflect the
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Table 1
Crystallographic data.
Native Ethyl Hg Uranyl
phosphate acetate
Diffraction limit 2.8 3.2 3.5
Completeness (%) 97.4 90.4 93.9
Rmerge (%) 9.0 11.0 16.0
Rderiv (%) — 15.3 15.4
Anomalous data — Yes No
Phasing power — 1.2 0.5
Number of sites — 2 4
Table 2
Refinement statistics.
Resolution (Å) 2.8
Final R factor (20–2.8 Å) 22.9
Rfree (5% total data) 31.5
Rmsd bonds (Å) 0.016
Rmsd angles (°) 3.8
Number of protein residues 621
Number of water molecules 239
Ramachandran analysis 85.8 / 12.0 / 2.2 / 0.0
(favoured/allowed/generous/disallowed)
B factors (low/high/mean; protein) 5.0 / 101.2 / 47.8
B factors (low/high/mean; water) 6.6 / 86.7 / 47.1
Rmsd, root mean square deviation.
reduced negative charge on the bridging diphosphate in
NAD+ in comparison to the triphosphate of ATP. The con-
served residues are nearly all associated with the conserved
sequence motifs that are characteristic of ATP-dependent
DNA ligases and GTP-dependent mRNA capping enzymes
[3]. Although the key residues are evident from the struc-
ture, the remainder of the conserved sequences are not
retained in NAD+-dependent ligases and it is therefore
impossible to detect any sequence homology between
these regions of the proteins. The conservation of these
critical residues between the enzymes suggests strongly
that the binding site for the AMP moieties of ATP or
NAD+ are also conserved.
NAD+-binding site
The conservation of structure between ATP- and NAD+-
dependent ligases, particularly the critical residues involved
in binding the AMP moiety of the cofactor, not only
allows us to predict the position of the equivalent portion
of the NAD+ cofactor binding site with some certainty,
but also assists in identification of the likely binding site
for the nicotinamide ribose monophosphate moiety. Cal-
culation of the molecular surface of the protein using the
program GRASP [11] reveals a large cleft, which begins
at the opening of the AMP-binding pocket, across the
surface of the enzyme (Figure 5). Examination of the 14
amino acid sequences that are available for NAD+-depen-
dent DNA ligases reveals that amino acid residues that
line the sides of this pocket are conserved across all
species. However, as would be expected, these residues
are not conserved in ATP-dependent ligases or capping
enzymes. These differences can be used to explain some
of the biochemical differences between the two enzymes
(see below) and potentially could be exploited in the
design of inhibitors targeted against NAD+-dependent
DNA ligases.
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Figure 1
Overall fold of the adenylation domain of 
B. stearothermophilus DNA ligase.
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Structure
Figure 2
Ribbon diagrams comparing the folds of (a) PBCV-1 mRNA capping enzyme, (b) T7 DNA ligase and (c) B. stearothermophilus DNA ligase.
The conserved core of the enzymes is represented in green, while other colours show the regions at the N termini and C termini, which differ
between the proteins.
Taken together, these observations allow us to suggest that
NAD+ might bind to the enzyme as shown in Figure 5. We
have shown (Table 3) that in B. stearothermophilus ligase
specificity for the nature of the base at the nicotinamide
position in NAD+ is not very stringent, although replacing
the base with adenine is not tolerated. These data are con-
sistent with our proposed model for the binding site for
NAD+. Replacement of nicotinamide with the bulkier
adenine could not be accommodated within the proposed
binding pocket (Figure 5).
One final piece of evidence comes from the structure of
the mRNA capping enzyme complexed with a product,
GpppG (where p is phosphate) [12]. In this structure, one
of the guanine bases is located in the nucleotide-binding
pocket, but the other guanine is situated on a hydrophobic
surface adjacent to this site. The positioning of this second
base would be equivalent to the position that we propose
for the nicotinamide-binding pocket. Although the capped
product, GpppG, contains three phosphate groups rather
than two, the strained configuration that we observed
would be broadly similar to the conformation that we
propose to be adopted by the NAD+.
There has been a study of the T. thermophilus NAD+-depen-
dent ligase using site-specific mutagenesis [13]. The results
of this study indicate that there are three residues that fall
within the adenylation domain: K118, D120 and K294.
The equivalent residues in B. stearothermophilus ligase are
K114, D116 and K285. The first two residues are the lysine
and the aspartate in the conserved active-site motif I.
Their mutation to a variety of different alternatives affects
the adenylation or deadenylation step. The third residue
(K285) has an effect on the fidelity of ligation in that
some mutations at this site improve the recognition by the
enzyme of mismatches at the 3′-side of the ligation site.
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Figure 3
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Structure
Structure-based sequence alignment of the adenylation domain of B. stearothermophilus and T7 DNA ligases. The α helices are represented by
cylinders and β strands by arrows. Conserved residues are coloured red (acidic), blue (basic), green (hydrophobic) and cyan (hydrophilic).
This lysine residue is found in a conserved buried ion pair
with a glutamate residue (E122). This ion pair is also found
in the ATP-dependent DNA ligase from bacteriophage T7
(E32–K222) [4], in which the glutamate appears to play a
role in the specificity of the enzyme for the ATP cofactor
by forming a hydrogen bond with the 6-amino group of the
adenine ring. Although it is not clear how this residue may
be contributing to the fidelity of the enzyme, it is interest-
ing to note that, although the lysine is conserved in T4
DNA ligase (an enzyme with lower fidelity), the glutamate
has been replaced by a glutamine. The fidelity of the T7
enzyme, which retains the lysine–glutamate ion pair, has
not been examined.
Mechanistic implications
In parallel with our structural studies of the two classes of
DNA ligase, we have been undertaking biochemical exper-
iments to try to understand differences between the enzy-
matic properties of the two systems. We have shown that
the ATP-dependent ligase from bacteriophage T7 com-
prises two domains [4] with distinct biochemical activities
[6]. The larger N-terminal domain retains adenylation
activity, but at a very reduced rate. However, we found
that the smaller domain was able to stimulate this rate sig-
nificantly. Both domains also contributed to the DNA-
binding properties of the enzyme. Similar studies with the
NAD+-dependent ligase revealed rather different proper-
ties [6]. The larger N-terminal fragment retained full
adenylation activity, which showed no stimulation on addi-
tion of the C-terminal domain. Furthermore, the C-termi-
nal domain retained DNA-binding activity equal to that of
the intact protein, whereas the affinity of the N-terminal
domain for DNA was undetectable. Thus the biochemical
properties of the domains of the NAD+-dependent ligase
are quite distinct, unlike those of the ATP-dependent
enzyme. The crystal structure that we present here allows
us to begin to understand these differences. 
The adenylation reaction involves nucleophilic attack of
the lone pair on the amino group of the active-site lysine
residue at the phosphorus atom of the α-phosphate
moiety. This attack results in the formation of a covalent
adduct and requires that the participating groups be in
line with one another prior to the reaction. This require-
ment is demonstrated very clearly in the equivalent reac-
tion in the guanylation of the mRNA capping enzyme [8].
The GTP bound in the ‘open’ form of the enzyme is not
oriented correctly and is consequently unable to undergo
guanylation, whereas in the catalytically competent ‘closed’
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Figure 5
Molecular surface of the adenylation domain overlaid with the model
for NAD+ binding. This figure was prepared using GRASP [11].
Figure 4
Residues around the ATP-binding site of T7
DNA ligase and the equivalent region of
B. stearothermophilus DNA ligase. This figure
was prepared using MOLSCRIPT [22] and
rendered using Raster3D [23].
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Table 3
Ability of different nucleotides to support ligation activity of B. stearothermophilus DNA ligase.
Cofactor Structure* Ability to support ligation†
NAD+
β-Nicotinamide adenine dinucleotide N+
NH2
O
R
Yes
NADH
β-Nicotinamide adenine dinucleotide (reduced) N
NH2
O
R
Yes
α-Thio-NAD+
α-Thio-nicotinamide adenine dinucleotide

 N+
NH2
S
R
Yes
NAAD
Nicotinic acid adenine dinucleotide N+
OH
O
R
Yes
APAD+
3-Acetylpyridine adenine dinucleotide
AmNAD+
3-Acetylpyridine adenine dinucleotide
 N+
CH3
O
R
Yes
N+
NH2
R
Yes
AppA
P1,P2-di(adenosine-5′) pyrophosphate
N
N N
N
NH2
R
No

ADP-ribose
Adenosine 5′ diphosphoribose
R OH No
ATP
Adenosine triphosphate
N
NN
N
NH2
O
OHOH
HH
HH
OPO
O–
O
OPO
O–
O
PHO
O–
O No
ADP
Adenosine diphosphate
N
NN
N
NH2
O
OHOH
HH
HH
OPO
O–
O
OPHO
O–
O No
AMP
Adenosine monophosphate
N
NN
N
NH2
O
OHOH
HH
HH
OPHO
O–
O No
form of the enzyme–GTP complex the triphosphate tail of
the GTP is rotated such that the α phosphate is now posi-
tioned appropriately for in-line attack by the active-site
lysine residue. The open form of the T7 ligase complexed
with ATP is probably unable to undergo adenylation
within the crystals for similar reasons [4,7]. Therefore, in
the ATP-dependent ligases and capping enzymes, the
appropriate conformation of the nucleotide cofactor is sta-
bilised by the C-terminal domain of the protein. In the
NAD+-dependent ligases, the C-terminal domain does not
contribute to the adenylation activity [6] and conse-
quently the cofactor must be bound to the protein in such
a way that it is already positioned correctly for attack by
the active-site lysine residue. ADP-ribose or further trun-
cation of the cofactor will not support ligation activity
(Table 3), indicating that the nicotinamide moiety of the
cofactor must be playing an important role. We propose
that binding of the nicotinamide ring facilitates folding of
NAD+ over the surface of the enzyme, thus positioning
the α-phosphate group appropriately for in-line attack by
the active-site lysine. Consequently, the observation that,
unlike the T7 ligase, the N-terminal domain of the
NAD+-dependent ligase is fully competent in adenylation
activity can be explained by our proposed model for the
binding of NAD+ to the enzyme.
Biological implications
DNA ligases are required for sealing nicks in DNA that
arise during DNA replication and repair. There are two
classes of DNA ligase: those that require ATP as co-
factor and those that use NAD+. The NAD+-dependent
enzymes are exclusive to bacteria and therefore provide
a potential target for antibiotics. The two classes of
enzyme share no detectable amino acid sequence homol-
ogy, and it is therefore unclear whether or not the two
enzyme families have similar structures. The structure
of an ATP-dependent DNA ligase has been determined
previously. A structure of an NAD+-dependent DNA
ligase would not only facilitate the design of novel
antibiotics against this enzyme, but also improve our
understanding of the molecular details of DNA replica-
tion and repair in bacteria.
Here, we present the crystal structure of the adenylation
domain of the NAD+-dependent DNA ligase from
B. stearothermophilus at 2.8 Å resolution. The fold repre-
sents a new family of NAD+-binding proteins. Despite
the lack of sequence homology, the core of the structure
of the bacterial ligase shares significant structural
homology with the large domain of the ATP-dependent
DNA ligase from bacteriophage T7. Key residues in the
adenylation domain are retained in equivalent positions
in the two structures, but adjacent residues in the
sequences are not conserved. This conservation of
structure allows us to locate the NAD+-binding site with
some certainty and suggests how the nicotinamide
portion of the coenzyme is positioned on the enzyme.
Comparison of the structure with other members of the
nucleotidyltransferase superfamily (which includes
DNA and RNA ligases, as well as mRNA capping
enzymes) reveals a common core for the adenylation/
guanylation domain to which a variety of additional
domains are added, conferring a range of different speci-
ficities and functions to the enzymes.
Materials and methods
Cloning, expression and purification of the adenylation
domain of B. stearothermophilus DNA ligase
The adenylation domain of B. stearothermophilus DNA ligase consists
of residues 1–318 [6]. A DNA fragment encoding these residues was
produced by the polymerase chain reaction (PCR) [14], using appro-
priate oligonucleotide primers and the full-length active site mutant
clone as a template (BSligK114A, the production of which has been
described previously [6]). The product was gel purified and cut with
the restriction enzymes NotI and HindIII. The NotI–HindIII fragment
was gel purified and then ligated, along with the NcoI–NotI fragment
from the BSligK114A sequence into NcoI and HindIII cut pET-21d.
The DNA sequence of the construct was then determined to ensure
that correct re-assembly had occurred and that no PCR-derived muta-
tions had been introduced. The active-site mutant adenylation domain
was expressed and purified in an identical manner to the wild-type
adenylation domain [6].
DNA ligation assays
DNA ligase assays were used to determine if particular nucleotide
cofactors were able to support the ligation reaction by intact DNA
ligase from B. stearothermophilus. They were carried out according to
the method of Yang and Chan [15] as modified in [6]. The ligase-assay
substrate was a 40-base oligonucleotide annealed to a complementary
18-mer and 22-mer, creating an artificial nicked DNA substrate that
was 32P-labelled at the 5′ side of the nick. Deadenylated DNA ligase
(10 µM) and nucleotide (5 mM) were incubated at room temperature
with DNA ligase substrate for 30 minutes prior to analysis by urea–
acrylamide gel electrophoresis. Bands were visualised using a phos-
phorimager. In order to compensate for ligation resulting from residual
adenylated enzyme, control reactions without nucleotide were routinely
run in parallel and subtracted from the total reaction.
Crystallisation, data collection and structure determination
Crystals of the ligase adenylation domain, with mutation K114A, were
grown by vapour phase diffusion with hanging drops. The protein was
concentrated to 20 mg/ml in 50 mM Tris-HCl pH 7.5, 1 mM DTT. Protein
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Table 3 legend
†The ability to support ligation was defined as at least 50% of the
ligation activity observed using NAD+ as cofactor, while an activity less
than 10% of the NAD+-stimulated reaction is described as being
unable to support ligation. All of the cofactors listed in the table fell
within these ranges.
N
NN
N
NH2
O
OHOH
HH
HH
O
OHOH
HH
HH
OPO
O–
O
OPO
O–
O
*R =
was equilibrated against reservoirs containing 100 mM NaOAc pH 4.6,
1.5 mM Co(NH3)6Cl3 and 0.6 M MgSO4. Needle-shaped crystals of
maximum dimensions 0.25 × 0.05 × 0.05 mm grew within two weeks.
The crystals were of the tetragonal spacegroup P43212, with cell
dimensions of a = b = 95.5 Å, c = 226.5 Å. Two ligase molecules in the
asymmetric unit gives a solvent content of 65% [16].
All data were collected at 100K using MAR image plates on either a
rotating-anode or synchrotron source (Station 9.6, Daresbury, or BW7A,
Hamburg). Crystals were frozen in the mother liquor with the addition of
30% (w/v) glycerol. Ethyl mercury phosphate (EMP) derivatives were
prepared by soaking the crystals in mother liquor with 10 mM EMP for
3 hours, and the uranium derivative by soaking in 100 mM uranyl acetate
for 3 hours. A summary of the crystallographic data is shown in Table 1.
Diffraction data were integrated, reduced and scaled using the programs
DENZO and SCALEPACK [17]. All further analyses were carried out
using programs from the CCP4 suite [18], unless otherwise stated.
Mercury sites in the EMP derivative were identified using difference-
Patterson methods and the potential sites refined using the program
MLPHARE. Uranium sites were subsequently identified using differ-
ence-Fourier techniques with phases derived from the EMP derivative.
After refinement of all sites, the final figure of merit was 0.35 for data
between 20 and 2.8 Å. The electron-density map was improved using
solvent flattening, histogram matching and twofold noncrystallographic-
symmetry (NCS) averaging, as implemented in the program DM.
Inspection of the initial maps allowed clear identification of the two mol-
ecules, and structural similarity to the ATP-dependent bacteriophage
T7 ligase to be identified. An initial model of the protein chain was built
into the electron-density map using the T7 ligase as a guide with the
program TURBO–FRODO [19]. The two noncrystallographically-related
molecules were refined as rigid bodies using the program X-PLOR [20]
to give an initial R factor of 47.2%. A preliminary round of refinement
using simulated annealing reduced this to 40.5%. Subsequent rounds
of model building and refinement were carried out using the maximum
likelihood based approach implemented within the program REFMAC.
During the course of refinement, the density in the N-terminal domains
of the protein became more apparent and allowed extension of the
model. Strict NCS restraints were applied for most of the refinement.
In later stages, various parts of the chain, particularly in the intermolec-
ular contacts and the N-terminal domains, were released from the
restraints. In the final rounds of refinement, the NCS restraints were
removed entirely. The refinement was continued to an R factor of
22.9% (Rfree = 31.5%). The final model contains residues 2–187 and
190–313 of molecule A and 1–187 and 190–313 of molecule B. The
missing residues were in a disordered surface loop. The final model
included 239 water molecules and one sulphate ion. An analysis of the
geometry (Table 2) shows all parameters to be well within the values
expected for a model at this resolution [21].
Accession numbers
Coordinates have been deposited in the Brookhaven Protein Data
Bank with the accession code 4TST.
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